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PRIORITY CLAIM 
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entitled "Methods and Systems for Determining an Electrical Property of an Insulating 
5 Film," filed October 3 1 , 2002. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

10 

This invention generally relates to determining one or more electrical properties of 
an insulating film. Certain embodiments relate to determining one or more electrical 
properties of an insulating film without forming a semiconductor device structure and 
without contacting the insulating film. 

15 

2. Description of the Related Art 

Fabricating semiconductor devices such as logic and memory devices may 
typically include processing a substrate such as a semiconductor wafer using a number of 

20 semiconductor fabrication processes to form various features and multiple levels of the 
semiconductor devices. For example, insulating (or dielectric) films may be formed on 
multiple levels of a substrate using deposition processes such as chemical vapor 
deposition ("CVD")> physical vapor deposition ("PVD"), and atomic layer deposition 
("ALD")- In addition, insulating films may be formed on multiple levels of a substrate 

25 using a thermal growth process. For example, a layer of silicon dioxide may be thermally 
grown on a substrate by heating the substrate to a temperature of greater than about 700°C 
in an oxidizing ambient such as O2 or H2O. Such insulating films may electrically isolate 
conductive structures of a semiconductor device formed on the substrate. 



Atty. DktNo.: 5589-05001 /PI 032 



Page 2 



Conley Rose, P.C. 



Measuring and controlling such insulating films may be an important aspect of 
semiconductor device manufacturing. A number of techniques are presently available for 
making such measurements. For example, the physical thickness of such films may be 
measured with a profilometer or an atomic force microscope ("AFM"). Such techniques 
5 typically involve scanning a probe across a surface of the film on which a step is present. 
A measurement of the step height may be used to determine a thickness of the film. Such 
measurements may be disadvantageous because they require the presence of a step in the 
film and are contacting in nature. 



10 Electron microscopy techniques may also be used to determine a thickness of 

films such an insulating films. These techniques include, for example, transmission 
electron microscopy ("TEM") and scanning electron microscopy ("SEM"). These 
techniques are generally destructive and are relatively expensive due to the ultra high 
vacuum equipment required for such techniques. 

15 

Optical techniques may frequently be used to determine optical parameters of 
insulating films. In such methods, incident light and reflected light may be measured as a 
function of incident angle, wavelength, polarization, and/or intensity. Using models 
related to the propagation of light through transparent materials, the optical thickness of 

20 such films may be determined. In addition, other optical parameters such as optical index 
of refraction, optical extinction coefficient, and reflectivity may be obtained. Such 
measurements may have the disadvantage of providing only optical information, which 
may not be perfectly related to electrical parameters of electrical devices built using these 
films. Furthermore, such optical methods may only be used to measure substantially 

25 transparent materials. 



Electrical measurement techniques that rely on physical contact to a conductive 
electrode on top of an insulating film may be used to determine relevant electrical 
properties of insulating films using capacitance vs. voltage ("C-V") and current vs. 
30 voltage ("I-V") measurements. Such measurements have a long history and established 
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utility. These measurements, however, may require a conductive electrode and a 
contacting probe. The necessity of direct physical electrical contact is particularly 
undesirable in many manufacturing situations. 

5 Non-contacting electrical test techniques have been developed to provide 

electrical capacitance, electrical thickness, and electrical conductivity information about 
insulating films. Non-contacting electrical measurements of dielectric properties have a 
unique advantage of providing electrically derived information without the requirement of 
physical contact to an electrode on top of an insulating film. These techniques typically 

10 use an ion generation source such as a corona discharge system to deposit a corona charge 
(Q c ) and a non-contacting voltage measurement sensor such as a Kelvin Probe or a 
Monroe Probe to measure surface voltage (V s ) or surface photo-voltage (SPV). By 
repeatedly depositing a corona charge and measuring V s or SPV, V s vs. Q c and SPV vs. 
. Q c data can be obtained. Examples of such techniques are illustrated in U.S. Patent Nos. 

15 5,485,091 to Verkuil, 6,097,196 to Verkuil et ah, and 6,202,029 to Verkuil et al, which 
are incorporated by reference as if fully set forth herein. 

There are, however, several disadvantages associated with such non-contacting 
techniques. For example, these techniques can have a relatively low throughput because 

20 a wafer must be moved back and forth between a corona source and a measurement 
probe. Measurements obtained with these techniques may also be sensitive to film 
leakage because corona deposition and measurement are not performed at the same time. 
In addition, accurate time control is difficult. Therefore, the accuracy of the measurement 
is affected, and the measurement sensitivity is limited. In addition direct measurement of 

25 film leakage is difficult because measurement can start only after charge is deposited, and 
the wafer is moved underneath the measurement probe. Furthermore, the measurements 
are sensitive to Kelvin probe and Monroe probe work function variation. Accordingly, it 
may be advantageous to develop a non-contacting technique that has a relatively high 
throughput and that provides measurements that are not sensitive to film leakage and 

30 work function variation in a probe. 
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SUMMARY OF THE INVENTION 



An embodiment relates to a method for determining a surface voltage of an 
insulating film. The insulating film may be formed on a substrate, which may be 
5 commonly referred to as a "wafer." The method may include depositing a charge on an 
upper surface of the insulating film. In one embodiment, depositing a charge on the 
insulating film may include exposing the wafer to a plasma. The method may also 
include measuring a current to the wafer during deposition of the charge. In addition, the 
method may include determining a surface voltage of the insulating film from the current. 

10 For example, an accumulated voltage may be determined as a function of the current. 
The function may be determined by calibration of a charge deposition system used for 
deposition of the charge. The surface voltage may be determined from the accumulated 
voltage and a reference voltage of the deposition. In another example, the charge may be 
detected by a reference sensor during deposition of the charge on the insulating film. A 

15 bias voltage of the reference sensor may be measured. The surface voltage of the 

insulating film may be approximately equal to the bias voltage of the reference sensor 
when the current to the reference sensor is approximately equal to the current to the 
wafer. Therefore, in both examples, the surface voltage of the insulating film is not 
measured, but is determined from a measured current to the wafer. 

20 

In one embodiment, the method may include illuminating the upper surface of 
insulating film while measuring the current to the wafer. This method may also include 
determining a band-bending voltage at an interface between the insulating film and the 
substrate as a difference between the surface voltage and a surface voltage of the 

25 insulating film determined without such illumination. In an additional embodiment, the 
method may include illuminating the upper surface of the insulating film with an 
alternating current (AC) modulated light source during deposition of the charge and 
measurement of the current. This method may also include determining a direct current 
(DC) component and an AC component of the current at the frequency of the light source. 

30 The surface voltage may be determined for the DC and AC components of the current. 
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In another embodiment, the charge may be deposited on the insulating film over 
time. In this embodiment, the method may include determining charge build up on the 
upper surface of the insulating film by integrating the current over the time. In a further 
embodiment, the method may include altering a control voltage after measuring the 
5 current. This method may also include repeating deposition of the charge and measuring 
the current after the control voltage has been altered such that a surface voltage of the 
insulating film can be determined for the altered control voltage. 

In an additional embodiment, the method may include determining a parameter 
10 representing an electrical property of the insulating film from the surface voltage. In 
another embodiment, the method may include altering a parameter of a process tool in 
response to the electrical property using a feedback control technique. In a further 
embodiment, the method may include altering a parameter of a process tool in response to 
the electrical property using a feedforward control technique. In yet another embodiment, 
15 the method may be performed during a semiconductor fabrication process. 

An additional embodiment relates to a method that includes measuring a first 
current to a wafer during deposition of a first charge on a surface of the wafer. The wafer 
may include an insulating film formed on a substrate. The method may also include 

20 determining a first surface voltage of the insulating film from the first current. In 

addition, the method may include measuring a second current to the wafer after a high 
current mode deposition of a second charge on the surface of the wafer. The method may 
further include determining a second surface voltage of the insulating film from the 
second current. The first and second surface voltages may be determined at 

25 approximately the same location on the insulating film. 

In one embodiment, the method may include repeating measurement of the second 
current and determination of the second charge until a charge vs. voltage "Q-V" sweep is 
measured. In another embodiment, measurement of the first current may include 
30 measuring the first current while altering a control voltage. In this embodiment, a current 
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turn-on point may be determined from the first current vs. the control voltage, and the 
first surface voltage may be determined from the value of the first current at the current 
turn-on point. In an additional embodiment, the first and second charges may be 
deposited with the same charge deposition system. In an alternative embodiment, the first 
5 and second charges may be deposited with different charge deposition systems. The 
method may include any additional steps as described herein. 

Another embodiment relates to a method for determining charge vs. voltage data 
for an insulating film. The insulating film may be formed on a substrate. The method 

10 may include depositing a charge on an upper surface of the insulating film. The method 
may also include altering a control voltage during deposition of the charge such that a 
current to the wafer is substantially constant over time. In some embodiments, the 
control voltage may be a reference voltage of the charge deposition system or a reference 
voltage of the wafer. In addition, the method may include determining a voltage of the 

15 insulating film as a function of the charge deposited on the insulating film. The voltage 
may be determined from the control voltage and the current. The charge deposited on the 
insulating film may be determined from the current and the time. The method may 
include any additional steps as described herein. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

Other objects and advantages of the invention will become apparent upon reading 
the following detailed description and upon reference to the accompanying drawings in 
which: 

25 

Fig. 1 illustrates a schematic diagram of an embodiment of a system that can be 
used to experimentally determine a surface voltage of an insulating film from a current; 

Fig. 2 is a plot of one example of representative current vs. voltage data that may 
30 be obtained by calibrating a screen corona gun; 
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Fig. 3 is a plot of one example of representative current vs. time data for 
insulating films having negligible and non-negligible film leakage; 



Fig. 4 is a plot of one example of representative voltage vs. charge data that may 
5 be obtained by using one charge deposition system to deposit a charge and another charge 
deposition system to measure current to wafer; and 

Figs. 5 and 6 illustrate schematic diagrams of different embodiments of a system 
that includes a servo control circuit, which may be used to alter a control voltage. 

10 

While the invention is susceptible to various modifications and alternative forms, 
specific embodiments thereof are shown by way of example in the drawings and will 
herein be described in detail. It should be understood, however, that the drawings and 
detailed description thereto are not intended to limit the invention to the particular form 
15 disclosed, but on the contrary, the intention is to cover all modifications, equivalents and 
alternatives falling within the spirit and scope of the present invention as defined by the 
appended claims. 

DETAILED DESCRIPTION OF THE INVENTION 

20 

The following description generally relates to systems and methods for 
determining parameters representing electrical properties of insulating films. In 
particular, the following description relates to systems and methods for measuring 
insulating films using simultaneous charge deposition and indirect surface voltage 

25 measurement without forming a device structure and in a non-contact manner. The 

methods can be used to measure I-V, Q-V, and C-V characteristics of an insulating film. 
Such data can be used to calculate various parameters representative of electrical 
properties of an insulating film such as, but not limited to, electrical thickness, flatband 
voltage, interface trap density, charge, and threshold voltage. In a common 

30 implementation, the films in question may be produced in processes of semiconductor 
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device manufacturing. In some embodiments, the methods may be used to measure 
insulating film in the presence of imperfect insulation. 

Present technology for manufacturing integrated circuits and semiconductor 
5 devices makes extensive use of the formation of insulating films. These films may also 
be referred to as "dielectric layers." In a typical implementation, such an insulating film 
may include silicon dioxide ("Si0 2 "), silicon nitride ("S13N4"), or a nitrided form of 
amorphous Si02, which may be commonly referred to as oxynitride ("SiO x N y "). Many 
other materials are also commonly used. Frequently, such films may have relatively high 
10 insulating qualities. However, relatively thin films (i.e., films having a thickness of less 
than about 8 nm) may depart substantially from ideal insulating behavior. That is to say 
that such films may allow significant amounts of current to flow through the insulating 
film. 

15 For insulating films that are not a form of SiC>2, significant departures from a 

perfect insulator may occur at substantially greater thickness such as thicknesses of 
greater than about 30 nm, or even greater than about 50 nm. Such less ideally insulating 
materials may include materials commonly known as "high-k" or "low-k" insulators, 
where "k" refers to the real part of the dielectric constant as measured at electrical 

20 frequencies. A high-k dielectric material may include any material having a dielectric 
constant of greater than about 3.9. Examples of high-k materials include, but are not 
limited to, tantalum pentoxide ("Ta20s"), hafnium dioxide ("HftV), aluminum trioxide 
("AI2O3"), and zirconium dioxide ("Zr0 2 "). A low-k dielectric material may include any 
material having a dielectric constant of less than about 3.9. Examples of low-k materials 

25 include, but are not limited to, proprietary materials known as Silc™, Black Diamond™, 
and Flare™. It is to be understood that the methodology described herein is not specific 
to any composition or thickness of insulating film being used. 
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Such insulating films may be formed, for example, by deposition or thermal 
growth on a conductive or semiconductor substrate. The substrate may include, but is not 
limited to, silicon, epitaxial silicon, silicon-on-insulator ("SOI"), or another 
semiconductor or conductive material such as gallium arsenide or indium phosphide. The 
5 substrate may also include any substrate commonly found and/or processed in 

semiconductor fabrication facilities, which may be commonly referred to as a "wafer." In 
other cases, the insulating film of interest may be the top layer of a stack of insulators, 
insulators and conductors, or conductors. 

10 On-line process control and monitoring provides tremendous benefit to 

semiconductor fabrication and manufacturing because of its relatively short turn-around 
time and relative ease in data interpretation compared to device-based C-V techniques, 
which require complicated device fabrication. Traditionally, physical thickness of 
insulating films has been the single most important parameter in on-line (frontline) gate 

15 process control and monitoring because of the relatively good correlation between the 
physical thickness measurements and backend electrical testing results. Backend 
electrical testing is usually performed on MOS-based device structures. 

Using physical thickness as a process control and monitoring parameter is, 
20 however, becoming increasingly difficult due to the scaling down of insulating film 
thicknesses to the sub- 15 A level. For example, as described above, film leakage on 
ultra-thin oxide is no longer negligible at such thicknesses. Therefore, film leakage may 
reduce the accuracy and sensitivity of corona-based non-contact electrical measurements 
of thickness. For example, such measurement techniques are sensitive to film leakage 
25 because corona deposition and measurement are not performed at the same time. In 
addition, accurate time control is difficult thereby reducing the measurement accuracy 
and sensitivity of these techniques. In addition, at such thicknesses, the film leakage has 
a non-negligible impact on device performance. Therefore, film leakage is becoming an 
increasingly important characteristic of insulating films as the thickness of such films is 
30 reduced. Measuring film leakage using corona-based non-contact electrical measurement 
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techniques, however, is difficult because the measurement can start only after the charge 
is deposited and the wafer is moved underneath the measurement probe. In addition, 
traditional thickness measurement techniques such as ellipsometry do not provide 
information about film leakage. The methods described herein, however, provide more 
5 accurate measurements of insulating film properties and higher throughput than currently 
available techniques by incorporating simultaneous charge deposition and current to 
wafer measurements, which can be used to determine a voltage of the insulating film. 

The methods described herein are performed with a charge deposition system. 

10 The charge deposition system may be a point corona source, a wire or "blanket" corona 
source, an e-beam or ion beam source, or a plasma system. In addition, the charge 
deposition system may be selected to have a substantially uniform charge over an area of 
deposition. The current to a wafer (I w ) from the charge deposition system can be 
described as a function of (V s -V r ), F(V s -V r ), where V s is the voltage at the surface of the 

15 wafer, and V r is a reference voltage of the charge deposition system that can be controlled 
by an operator. The wafer may include an insulating film formed on a substrate. 
Therefore, when a semiconductor wafer is measured, V s is the voltage at an upper surface 
of the insulating film. In addition, V s can be defined as V s = Vfn m + V B b + V w + <|>, 
wherein Vfn m is the voltage across the insulating film, Vbb is the band-bending voltage at 

20 an interface between the insulating film and the semiconductor substrate, V w is the 

voltage of the wafer (substrate), and <J> is a constant that is related to work function. For 
convenience purposes, V 0 is also defined as V 0 = V fi i m + V B b. For a corona deposition 
system, the accumulated voltage, V, can be defined as V s -V r . Therefore, I w can also be 
described as a function of V, F(V). F(V) is a well-defined function, which means that 

25 there is a one-to-one relationship between F and V within the voltage range of interest. In 
addition, the magnitude of F decreases with increasing V. 



In one embodiment, F(V) can be determined by calibration of the charge 
deposition system. Calibration may be performed before or after measurement of an 
30 insulating film. Calibration of the charge deposition system may include depositing a 
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charge on a calibration sensor with the charge deposition system. The calibration sensor 
may be placed at the exit of the charge deposition system either manually or automatically 
using, for example, an automated positioning system. In some embodiments, the 
calibration sensor may be placed on a chuck on which a wafer is placed during a 
5 measurement. The calibration sensor may have a metal surface having a known work 
function, <|) c . During calibration, the current to the calibration sensor and V sen sor may be 
measured, where V se nsor is the bias voltage of the calibration sensor. V r may also be 
recorded during calibration. V may then be determined as V = V sen sor - V r + <|) c . 
Therefore, the current to the calibration sensor measured during calibration and the 
10 determined values of V can be used to generate F(V). In a similar manner, I w measured 
during calibration and values of V determined during calibration can be used to generate 
F(V S ) for a constant value of V r . F(V S ), therefore, describes I w as a function of V s at the 
constant value of V r . In this manner, the function can be used to determine V s for a value 
of I w recorded during measurement of an insulating film at the constant value of V r . 

15 

The function can be used to determine V for a value of I w recorded during 
measurement of an insulating film. For example, a measured I w may be compared to 
current vs. voltage data generated by calibration to determine V corresponding to the 
measurement of the insulating film. V s of the insulating film can determined from V and 
20 V r , V s = V + V r , where V r is recorded during measurement of the insulating film. V w may 
also be recorded during measurement of the insulating film. From V s and V w , V 0 can be 
determined as V 0 = V s - V w - ((). 

In another embodiment, the wafer surface voltage, V s , can be determined 
25 experimentally using a feedback control algorithm and an optional reference sensor. Fig. 
1 illustrates a schematic diagram of a system that can be used to determine F(V) 
experimentally. Charge deposition system 10 is disposed above chuck 12. Wafer 14 is 
disposed upon chuck 12 during a measurement process. Reference sensor 16 may be 
coupled to an external surface of charge deposition system 10 by an insulating material. 
30 Reference sensor 16 may be placed proximate the exit of charge deposition system 10 
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such that the reference sensor can detect charge from the charge deposition system. In 
this manner, the reference sensor may be configured to detect charge from the charge 
deposition system in real time as the charge is being deposited on the insulating film 
during a measurement. The current to the reference sensor, I r , is measured by current 
5 meter 18. Multiplier 20 is used to alter the I r signal to compensate for differences 

between the sensor size and the wafer size and differences between sensor placement and 
wafer placement. The current to wafer, I w , is measured by current meter 22. 

Wafer surface voltage, V s , can be determined based on the fact that the current to 

10 the reference sensor, I r , (after being altered by the multiplier) is approximately equal to 
the current to the wafer, I w , when the wafer surface voltage, V s , is approximately equal to 
the reference sensor voltage, V se nsor. Therefore, the I r signal and the I w signal are fed into 
comparator 24, which compares the I r and I w and generates a comparison signal. The 
comparison signal from comparator 24 is provided to feedback control circuit 26. Either 

15 comparator 24 or feedback control circuit 26 may be configured to covert the currents to 
voltages. Feedback control circuit 26 provides a control voltage signal to DC power 
supply 28, which is coupled to the reference sensor. The control voltage signal may be 
used to alter the power supply provided to the reference sensor by DC power supply 28. 
The bias voltage of the reference sensor, V sen sor, is measured by voltmeter 30. Therefore, 

20 V s can be set equal to V sen sor, when I w is approximately equal to I r . V w is determined from 
I w . For example, the I w signal may be fed to a current-to-voltage converter (not shown) 
and a voltmeter (not shown). In addition, V w may be altered by a DC power supply (not 
shown). Alternatively, V w may be connected to ground. In this manner, chuck 12 may 
provide a grounding contact to wafer 14. The grounding contact may be obtained, for 

25 example, from a high pressure contact using a sharp tungsten carbide needle. From V s 
and V w , V 0 can be determined as V 0 = V s - V w - <|). This method can be used either in DC 
mode or in AC mode to determine the DC mode and AC mode in V s when a modulated I w 
is measured. Measuring a modulated I w may be performed as described herein. 
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The system and the charge deposition system illustrated in Fig. 1 may include a 
number of other components, which are not shown in Fig. 1 . For example, the system 
may include a position actuator configured to move charge deposition system 10 over 
wafer 14. The system may also include a high voltage supply coupled to charge 
5 deposition system 10. The high voltage supply may be configured to supply high voltage 
(i.e., about 6 kV to about 12 kV) to the charge deposition system to produce positive or 
negative corona charges depending on the polarity of the supply. In addition, the charge 
deposition system may include one or more needles coupled to the high voltage supply. 
The charge deposition system may be configured to provide a well-defined and 

10 substantial beam charge density (to minimize measurement time) having relative 

uniformity (for measurement accuracy) across the selected site of interest on a wafer. For 
example, the system may also include a mask disposed between charge deposition system 
10 and wafer 14. The mask may have an aperture that reduces the area of the wafer on 
which the charge in deposited. In this manner, the mask may increase the uniformity of 

15 the charge that is deposited on the wafer. 

In one embodiment, a screen corona gun may be used as the charge deposition 
system. Examples of screen corona guns are illustrated in U.S. Patent Nos. 5,644,223 to 
Verkuil, 5,767,693 to Verkuil, and 6,060,709 to Verkuil et al., which are incorporated by 

20 reference as if fully set forth herein. A screen corona gun generally includes one or more 
needles that can be biased to relatively high voltages. Such a corona gun also includes 
focus and mask rings that increase the uniformity of the charge over the area of the 
deposition. In addition, a screen corona gun includes a screen proximate the corona 
charge exit that can be biased to various voltages. The current to a wafer, I w , from a 

25 screen corona gun can be described as a function of the voltage difference between the 
wafer surface and the screen, F(V S - V scree n). Therefore, in such a configuration, the 
screen voltage is equivalent to the reference voltage, V r , described above. Fig. 2 is a plot 
of one example of representative current vs. voltage data that may be obtained by 
calibrating a screen corona gun. The data is representative of calibration of the screen 

30 corona gun using a metal plate and positive corona. As shown in Fig. 2, the current 
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decreases to approximately 0 when V w > V r + <j), where V r is the screen voltage and <j> is a 
work function difference between the screen and the metal plate. Additional examples of 
non-contact corona sources are illustrated in U.S. Patent Nos. 4,599,558 to Castellano et 
al. and 5,594,247 to Verkuil et al., which are incorporated by reference as if fully set forth 
5 herein. In addition, any other appropriate system and corona source known in the art may 
be used for carrying out a method as described herein. 

In another embodiment, a plasma system may be used as the charge deposition 
system. Therefore, depositing a charge on the upper surface of the insulating film may 

10 include exposing the wafer to a plasma. The plasma system may include either a 

capacitance or inductive coupled plasma. In one example, the plasma system may include 
a plasma gun or another "point" plasma source such that electrons and ions may be 
deposited upon a controlled area of an insulating film. Such plasma systems are known 
in the art and are commercially available. When an insulating surface is placed 

.15 underneath a plasma, an auto-biasing effect may occur because negative electrons can 
travel to the insulating surface more quickly than positive ions. When the insulating 
surface reaches a large enough negative potential, it has sufficient pushing effect on 
negative electron current and sufficient attracting effect on positive ion current to balance 
travel of the electrons and ions to the insulating surface. This saturation negative 

20 potential is mainly dependent on electron temperature in a plasma system. As described 
above, current to wafer, I w , is determined by the difference between wafer surface voltage 
and a reference voltage. For such a plasma-based charge deposition system, the reference 
voltage is mainly related to electron temperature. The electron temperature can be 
controlled by parameters, which can be altered to control the plasma, such as gas 

25 pressure, gas species, radio frequency (RF) power that is used to excite and sustain the 
plasma, and RF source frequency. Thus, in such a configuration, the reference voltage, 
V r , described above may vary depending upon the plasma controlling parameters. 
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The following describes what happens after a wafer with an insulating film or film 
stack is placed underneath a charge deposition system. The wafer may be placed 
underneath the charge deposition system either manually or automatically, for example, 
by using a robot sample loading system. For the sake of simplicity, it is assumed that the 
5 wafer is free of charge before it is placed into the system. As a result, the wafer surface 
voltage is about 0 V prior to deposition of a charge. After the charge deposition system is 
turned on with the appropriate control conditions, a charge is deposited on an upper 
surface of the insulating film to charge the wafer (either positively or negatively 
depending on the selection). In this example, the wafer is assumed to be positively 
10 charged. I w is measured over time during deposition of the charge. V s and Vo may be 
determined from each measured I w . As a result of deposition of a charge on the wafer 
surface, the wafer surface voltage, V s , increases. The increasing wafer surface voltage 
results in decreasing current to wafer, I w , until charge deposition (current to wafer) is 
balanced by the film leakage. 

15 

Deposition of the charge on the insulating film may continue until I w is 
substantially constant. Depending upon the leakage of the insulating film, I w will 
stabilize at various current levels. As shown in the plot of Fig. 3, for example, in the case 
of negligible film leakage, I w decreases until the insulating film has reached a saturation 

20 point. At this point, I w to the saturated insulating film is approximately 0. In contrast, in 
the case of non-negligible insulating film leakage, the current to the wafer, I w , decreases 
over time until I w becomes substantially constant at a value greater than 0. The time at 
which I w is determined to be substantially constant has been labeled on the plot as t sta bie. 
t^bie may be determined as the time after which I w stabilizes within a tolerance that may 

25 be selected by an operator. In this manner, the insulating film leakage current can be 
determined as the substantially constant, or final saturated, I w , which can be defined as 
I w _stabie(t > tstabie), Iieak(V 0 ) = I WJ 5tabie(t > t s tabie). Vo at the insulating film leakage current 
can be determined using one of the methods as described above. The charge build up on 
the surface of the wafer, Q s (Vo), can also be determined by integrating I w over time using 

30 the following equation: 
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Stable 

Q s = \{I w {t)-I leok {V s ))dt, 

o 

where t sta bie is the time when I w (t) stabilizes. In the case of no or negligible film leakage, 
this equation can be simplified as: 

1 stable 

5 Q s = \l w (!)dt. 

O 

This measurement sequence can be repeated by measuring I w (t) at various reference 
voltages of the wafer, V w , or at various reference voltages of the charge deposition 
system, V r , to obtain Ii ea k(Vo) and Q S (V 0 ) for a range of V 0 . In addition, the measurement 
sequence can be performed at one measurement site or multiple measurement sites on the 
10 wafer. 



In another embodiment, Ii ea k may be determined experimentally as described 
above, with a theoretical model, or a combination thereof. Various theoretical models 
describing mechanisms for current transport through relatively thin insulating films have 
15 been developed and published. Examples of such models include, but are not limited to, 
Fowler-Nordheim tunneling, direct tunneling, an empirical model, Poole-Frenkel 
conduction, hopping conduction, space charge limited conduction, and Shottky or 
Thermionic conduction. Such theoretical models may have a general form of: 

20 / = / (V, physical _ 7>/m, other _ material _ parameters) . 

For example, the Fowler-Nordheim tunneling model has the following form: 

/ = AiiV I Tfa m ) A 2exp(A2 * Tjam I V) . 

25 

Other models of leakage have different functional dependencies. In general, all such 
models may be expressed in a functional form such as: 

/ = function(Tfiim,V 9 Ai,A2...AN), 

30 

where Ai, A2. . . A N represent constants that may or may not be of interest. 
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The system may also include light source 32, as shown in Fig. 1. Light source 32 
may be a relatively high intensity light source such as a xenon flash tube. In addition, 
light source 32 may be a DC type light source, a pulsed light source, or an AC modulated 
light source. Light source 32 may be coupled by transmission medium 34 to a control 
5 system (not shown), which may be configured to control the light source according to the 
methods described herein. Light source 32 may be coupled to the charge deposition 
system such that an upper surface of a wafer can be illuminated during deposition of a 
charge on the wafer. 

10 V B b can be determined using light source 32. For example, as described above, 

V s = Vfiim + Vbb + V w + <|). Under intense light illumination, Vbb can be substantially 
suppressed while other terms in V s remain substantially constant. Therefore, the method 
may include illuminating the upper surface of the insulating film during a measurement. 
Vbb can be determined as approximately the difference between V s with the light off and 

15 V s with the light on, V B b «V s (light off) - V s (light on). V B b can be measured in this 

manner using a DC type light source or a pulsed light source. Alternatively, V B b can be 
determined using an AC modulated light source by measuring the AC component of V s at 
the modulation frequency of the light source as described herein. This measurement 
sequence can also be repeated as described above to obtain Vbb(Vo) for a range of Vo. In 

20 addition, this measurement can be performed at one or multiple measurement sites on the 
wafer. 

One or more parameters representing electrical properties of the insulating film 
can be determined using any method known in the art and Ii ea k(Vo), Q s (Vo), and/or 
25 V B b(Vo), which are determined from V s as described above. The parameters include, but 
are not limited to, electrical thickness, flatband voltage, interface trap density, hysteresis, 
charge, and threshold voltage. For example, capacitance of the film, Cfii m , may be 
determined using a least-squares fit of any portion of Qi-Vj data with a slope being equal 
to Cfiim. If the dielectric constant of the film is known or is assumed, an "electrical film 
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thickness," T fi i m , may be determined from the capacitance. The capacitance of the film 
may be related to the electrical thickness using the equation: 

Tfilm = £0* k* A/ Cfilm , 

5 

wherein e 0 is the free space permittivity of vacuum, and k is the film relative dielectric 
constant described above. 

If Cfn m is obtained from experimental data, and a theoretical model or a different 
10 experimental method has been used to obtain Tfii m , then these two parameters may be 
used to obtain the dielectric constant, k. For example, k may be obtained using a known 
relationship between dielectric constant, capacitance, and film thickness. An appropriate 
known relationship may include, but is not limited to, the expression for parallel plate 
capacitance: 

15 

k - SoAI{Cfilm * Tfilm) . 

An appropriate known relationship between the dielectric constant, capacitance, and film 
thickness, however, may also include a parallel plate capacitor with fringing fields 
20 accounted for and an expression taking into account the detailed geometry of the 
insulating film. In this manner, a dielectric constant of an insulating film may be 
determined from a thickness and a capacitance that are independently determined. An 
independent determination of k may be a technologically important aspect for 
characterizing many dielectric materials. 

25 

If the insulating film is one of a plurality of insulating films or one of a plurality 
of insulating films and conductive films formed on a substrate, then the methods 
described herein may be used to determine a lump sum effective resistance and/or 
capacitance corresponding to the series resistance and/or capacitance, respectively, of the 
30 plurality of layers. If the capacitance or resistance of enough individual layers is known 
from one or more other techniques, then the unknown properties of a particular insulating 
film may be determined using a method as described herein and a model for series 
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resistance and capacitance. The presence of a conductive layer formed on top of the 
insulating film is also not a hindrance to the methodology described herein as long as 
charge deposition is constrained to an area, A. Such a charge constraint may be achieved, 
for example, by a pattern formed on or in such an upper conductive layer. 

5 

In one embodiment, a parameter representing an electrical property of an 
insulating film determined from the surface voltage can be used for process control and 
monitoring. For example, a parameter of a process tool may be altered in response to the 
electrical property using a feedback control technique, a feedforward control technique, 

10 and/or an in-situ control technique. In an additional embodiment, I(V 0 ) can be fitted into 
a dielectric leakage model to generate one or more parameters for on-line process control 
and monitoring. The dielectric leakage model may include any of the models described 
above. The process tool may include, but is not limited to, a chemical vapor deposition 
("CVD") tool, a physical vapor deposition ("PVD") tool, an atomic layer deposition 

15 ("ALD") tool, and a thermal growth tool. In this manner, a parameter of a process tool 
may be altered for forming the insulating film on additional substrates. The process tool 
may also include a process tool used for further processing of the substrate on which the 
measured insulating film is formed. For example, the process tool may be a chemical- 
mechanical polishing ("CMP") tool. In this manner, a parameter of a process tool may be 

20 altered for further processing of the substrate on which the measured insulating film is 
formed. The parameter of the process tool may be altered manually or automatically. For 
example, a processor may be coupled to the process tool and may be configured to alter a 
parameter of the process tool in response to at least one of the electrical properties of the 
insulating film using a feedback control technique, a feedforward control technique, 

25 and/or an in situ control technique. 



In another embodiment, the system may be integrated with semiconductor 
processing equipment such as one of the process tools described above as an in-situ 
monitoring instrument. In one example, the system and the process tool may be arranged 
30 as a cluster tool. In another example, the system may be coupled to a chamber of the 
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process tool such as a load chamber or a cooling chamber. In further examples, the 
system and the process tool may be coupled by common elements such as a common 
power source, a common processor, a common stage, a common wafer handler, and a 
common environmental unit. In this manner, the method may be performed during a 
5 semiconductor fabrication process. 

Each of the methods described herein may include loading a wafer underneath a 
charge deposition system either manually or automatically with, for example, a robot 
sample loading system. In one embodiment, I w may be measured while a control voltage 

10 is altered. Altering the control voltage during a measurement may be commonly referred 
to as "scanning" the control voltage or "sweeping" the control voltage. The control 
voltage may be either a reference voltage of the charge deposition system, V r , or a 
reference voltage of the wafer, V w , or a combination thereof. For example, I w may be 
measured while V r or V w is scanned across a range. The control voltage may be scanned 

15 by altering the control voltage continuously or intermittently. The scanning rate may be 
selected to optimize measurement results. V r or V w may be recorded while measuring I w . 
Thus, the generated data may be I w vs. V r or V w . V 0 corresponding to the I w 
measurements may be determined experimentally or using a function determined by 
calibration of the charge deposition system as described above. Vbb may also be 

20 determined as described above. In addition, Ii ea k(V 0 ), Q$(V 0 ), and parameters representing 
electrical properties of the insulating film may be determined as described above. The 
method can be performed at one or multiple measurement sites on the wafer. 

In another embodiment, a control voltage may be altered to a set point. The 
25 control voltage may be either a reference voltage of the charge deposition system, V r , a 
reference voltage of the wafer (the chuck voltage), V w , or a combination thereof. After 
the control voltage is at the set point, I w vs. time may be recorded. The data collected is, 
therefore, I w (t) vs. V r or V w , where t is the time after each V r or V w is set. The 
measurement may be performed in a single sweep thereby generating a single trace of I w 
30 vs. time. In addition, the measurement may be performed in a sweep over multiple set 
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point changes. For example, in one embodiment, the set point may be altered multiple 
times, and I w vs. time may be recorded after each set point change. I w may also be 
measured over time until I w stabilizes to a substantially constant value. For example, V r 
or V w may be altered to a set point. After V r or V w is at the set point, I w may be measured 
5 over time until I w stabilizes to a constant value. This measurement may be repeated for 
each set point of V r or V w . V 0 corresponding to the I w measurements may be determined 
experimentally or using a function determined by calibration of the charge deposition 
system as described above. Vbb may also be determined as described above. In addition, 
Iieak(Vo), Q s (Vo), and parameters representing electrical properties of the insulating film 
10 may be determined as described above. The method can also be performed at one or 
multiple measurement sites on the wafer. 

The embodiments described herein may also be modified to increase measurement 
speed. For example, I w may be measured while a control voltage is altered, or I w may be 
measured after a control voltage is at a set point as described above. During deposition of 
the charge and measurement of I w , the upper surface of the insulating film may be 
illuminated with an AC modulated light source having a modulation frequency of fr. 
Examples of appropriate modulation frequencies may range from about 10 Hz to about 10 
MHz. The DC component of I w , I w _dc, and the AC component of I w at frequency fu 
Iw_ac, may be separately determined. V s may be determined for both I w D c and I w _ac 
either experimentally or using a function determined by calibration of the charge 
deposition system as described above. The DC component of V s is approximately equal 
to V 0 . The amplitude of the AC component of V s at the modulation frequency of the light 
source is approximately equal to Vbb- The sign of Vbb can be determined from the phase 
of the AC component. In this manner, V s and V B b can be determined from a single 
measurement thereby increasing the measurement speed. 

In another embodiment, a wafer may be placed underneath a charge deposition 
system either manually or automatically using, for example, a robot sample loading 
30 system. A first I w may be measured during deposition of a first charge on a surface of the 



20 
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wafer. I w may be measured as described above. V s and V 0 may be determined either 
experimentally or using a function determined by calibration of the charge deposition 
system as described above. In one embodiment, during measurement of I w , a control 
voltage, V r or V w , may be scanned over a range. The range may be predetermined by an 
5 operator. In another embodiment, the I w vs. V r or V w data may be used to determine a 
current turn-on point. A current-turn on point corresponds to a point in a plot of I w vs. V r 
or V w data at which a discontinuity in the slope of the plot occurs. V s and V 0 may be 
determined from I w at the current turn-on point either experimentally or using a function 
determined by calibration of the charge deposition system as described above. V B b may 
10 also be determined by illuminating the wafer during the measurement as described above. 
For example, V B b may be obtained by illuminating the wafer with a DC modulated light 
source or a pulsed light source and comparing V 0 (light on) and V 0 (light off). 
Alternatively, V B b can be determined by illuminating the wafer with an AC modulated 
light source and measuring the AC component in V 0 at the modulation frequency. 

15 

After obtaining the I w vs. V r or V w data, an additional charge may be deposited on 
the wafer. The additional charge may be deposited at approximately the location on the 
insulating film at which I w was previously measured. The additional charge may be 
deposited in a high current mode. For example, V r or V w may be altered such that a 

20 relatively large amount of charge is deposited on the surface of the wafer within a 
relatively short amount of time. The initial charge and the additional charge may be 
deposited with the same charge deposition system or different charge deposition systems. 
The total amount of charge (Q) deposited on the insulating film may be measured. After 
this charge deposition, I w may be measured as described above. If different charge 

25 deposition systems are used to deposit the initial and additional charges on the wafer, I w 
may be measured with the charge deposition system that was used to deposit the initial 
charge on the wafer or the charge deposition system that was used to deposit the 
additional charge on the wafer. The method can be performed at one or multiple 
measurement sites on the wafer. 
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V s and Vo of the insulating film may be determined from the measured current as 
described above. In this manner, V s and V 0 of the insulating film may be determined at 
approximately the same location on the insulating film before and after the high current 
mode deposition. In one embodiment, the control voltage may be scanned after the 
5 additional charge deposition, and I w may be measured as described above. The additional 
charge deposition and subsequent I w measurement may be repeated until a complete Q-V 
sweep is measured. For example, a complete sweep may include sweeping voltages from 
inversion to accumulation (positive to negative on a p-type wafer or negative to positive 
on an n-type wafer). The measurements of I w after each step of driving the wafer to 
10 accumulation and toward inversion may be used to determine V s and/or Vo, which may be 
used to generate Q-V sweep data. The flatband voltage and the interface trap density may 
be determined from the generated Q-V sweep. 

V 0 and V B b may also be determined as described above. In this manner, V 0 and 
15 V B b vs. Q data may be obtained, where Q is the charge deposited on the wafer surface. 
One example of representative Vo vs. Q data that may be obtained by using one charge 
deposition system to deposit the additional charge and another charge deposition system 
to measure I w is illustrated in the plot of Fig. 4. This plot is representative of data that 
may be obtained for a wafer that includes an S1O2 film deposited on a silicon substrate. 
20 The deviation of V 0 from linear dependence on Q at values of Q from approximately 30 
to approximately 40 is due to V B b. Furthermore, parameters representing electrical 
parameters of the insulating film may also be determined from measured Vo(Q) and 
Vbb(Q) data as described above. 

25 In an additional embodiment, the charge deposition system can be operated at 

substantially constant I w by altering a control voltage such as V r , V w , or V r and V w . For 
example, V r or V w may be altered by a servo control circuit. This method may be used to 
determine charge vs. voltage data for an insulating film. The method may be performed 
by loading a wafer underneath a charge deposition system as described above. The 

30 charge deposition system may be turned on to deposit a charge on an upper surface of the 
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insulating film. The charge may be deposited in a substantially constant I w mode over 
time by servo controlling V r or V w or a combination of both. The control voltage signal is 
recorded as function of time. From the recorded control voltage vs. time data, V s and/or 
V 0 may be determined as a function of the charge deposited on the insulating film, Q. V 0 
5 may be determined from the control voltage and the current. The charge deposited may 
be determined from the equation: Q = I w *t. The method may also optionally include 
determining V B b as a function of the charge deposited, Q, based on one of the methods 
described above. For example, V B b may be determined by illuminating the wafer with a 
DC type light source, a pulsed light source, or an AC modulated light source during 
10 measurement. In addition, parameters representing electrical properties of the insulating 
film may be determined from measured V 0 (Q) and V B b(Q) data as described above. This 
method can also be performed at one or multiple measurement sites on the wafer. 

Figs. 5 and 6 illustrate schematic diagrams of different embodiments of a system 
15 that includes a servo control circuit, which may be used to alter V r or V w . As shown in 
Fig. 5, the system includes charge deposition system 36 disposed above chuck 38. 
Charge deposition system 36 and chuck 38 may be configured as described above. Wafer 
40 may be disposed upon chuck 38. Charge deposition system 36 may also include light 
source 42. Light source 42 may be used to illuminate the wafer such that V B b can be 
20 determined as described above. The system also includes current meter 44 configured to 
measure I w . The I w signal generated by current meter 44 is provided to servo control 
circuit 46. Servo control circuit 46 is configured to generate a control signal depending 
upon the I w signal generated by current meter 44. Servo control circuit 46 provides the 
control signal to DC power supply 48. DC power supply 48 alters the reference voltage 
25 V r of the charge deposition system depending upon the control signal. In this manner, V r 
may be altered such that a charge may be deposited upon wafer 40 at a substantially 
constant I w . Data recorder 50 records values of V r over time. The system may also 
include DC power supply 52 configured to alter a reference voltage of the wafer, V w . 
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As shown in Fig. 6, the system includes charge deposition system 54 disposed 
above chuck 56. Charge deposition system 54 and chuck 56 may be configured as 
described above. Wafer 58 may be disposed upon chuck 56. Charge deposition system 
54 may also include light source 60. Light source 60 may be used to illuminate the wafer 
5 such that Vbb can be determined as described above. The system also includes current 
meter 62 configured to measure I w . The I w signal generated by current meter 62 is 
provided to servo control circuit 64. Servo control circuit 64 is configured to generate a 
control signal depending upon the I w signal generated by current meter 62. Servo control 
circuit 64 provides the control signal to DC power supply 66. DC power supply 66 alters 

10 the reference voltage of the wafer, V w , depending upon the control signal. In this manner, 
V w may be altered such that a charge may be deposited upon wafer 58 at a substantially 
constant I w . The system may also include DC power supply 68 configured to alter a 
reference voltage of the charge deposition system, V r . Data recorder 70 records values of 
V r over time. The system may also include another data recorder (not shown) configured 

15 to record values of V w over time. In another embodiment, a system may include both of 
the servo control circuits illustrated in Figs. 5 and 6. In this manner, both V r and V w may 
be altered over time such that the charge deposition system may be operated in a 
substantially constant current to wafer mode. The systems shown in Figs. 5 and 6 may be 
further configured as described above and may include elements of the system shown in 

20 Fig. 1. 

Further modifications and alternative embodiments of various aspects of the 
invention may be apparent to those skilled in the art in view of this description. For 
example, methods for determining a parameter representing an electrical property of an 

25 insulating film are provided. Accordingly, this description is to be construed as 

illustrative only and is for the purpose of teaching those skilled in the art the general 
manner of carrying out the invention. It is to be understood that the forms of the 
invention shown and described herein are to be taken as the presently preferred 
embodiments. Elements and materials may be substituted for those illustrated and 

30 described herein, parts and processes may be reversed, and certain features of the 
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invention may be utilized independently, all as would be apparent to one skilled in the art 
after having the benefit of this description of the invention. Changes may be made in the 
elements described herein without departing from the spirit and scope of the invention as 
described in the following claims. 
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